A voltage-clamp analysis of the effect of almokalant on the delayed rectifier K' current (IK) was made in rabbit ventricular myocytes. The two-suction pipette method was used, and appropriate voltage-clamp protocols were used to study more specifically use dependence, block development, and recovery from block. Almokalant interacted with the IK in two ways: it shifted the activation curve in the hyperpolarizing direction (stimulatory effect) To selectively block at high frequencies with no effect at low frequencies, the development of block as well as the recovery from block should occur with the appropriate time constants. In the case of Na+ channel blockers, the slow rate constants for block and recovery explain the less favorable results obtained with so-called class Ic agents.4 Similar restraints with respect to the kinetics of block have to be imposed on drugs acting on the IK channel.5 To prolong the action potential at high frequencies with no effect a low frequencies, the drug should block the open channel with a time constant in the order of seconds and show a recovery at the resting potential with a time constant of =100 milliseconds. In the evaluation of the antiarrhythmic activity of a drug, it is thus necessary to include a study of use-dependence, development of block, and recovery from block. propyl]amino]-2-hydroxypropoxy]-benzonitrile (almokalant, Fig 1) is a novel antiarrhythmic agent that selectively lengthens the action potential duration and increases refractoriness in dog atria and ventricular muscle,6 in cat papillary muscle,7 and in human ventricular muscle.8 In addition to its electrophysiological effects, the drug has been shown to increase the maximum rate of pressure development in the left ventricle and to increase the peak developed force of contraction in isolated cat and human ventricular muscle. 7, 8 In the present study, a voltage-clamp analysis of the changes in lK by almokalant is presented. Evidence will be given that interaction of almokalant with the channel results in two effects: a change in the activation kinetics of 1K with a shift in the hyperpolarizing direction of activation, and block of the open lK channel in a use-dependent by guest on
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A voltage-clamp analysis of the effect of almokalant on the delayed rectifier K' current (IK) was made in rabbit ventricular myocytes. The two-suction pipette method was used, and appropriate voltage-clamp protocols were used to study more specifically use dependence, block development, and recovery from block. Almokalant interacted with the IK in two ways: it shifted the activation curve in the hyperpolarizing direction (stimulatory effect) and blocked the open lK channel in a use-dependent way (inhibitory effect). For 2-second voltage clamps to +20 mV, half-maximum block was obtained at 5 x 10-8 mol/L, with a Hill coefficient of 1.76. Use-dependent block was related to an open-channel block that occurred at 0 mV with a time constant of 1.07 second and a rather slow recovery from block. at -50 mV, recovery time constant was~10 seconds; at -75 mV, recovery was practically absent. The absence of an important recovery at negative membrane potentials is consistent with the hypothesis of the drug being trapped in the channel. A limited frequency-dependent block could be demonstrated. Use-dependent unblock was demonstrated by a rapid recovery from block during stimulation following complete washout of the drug. It is concluded that almokalant shifts the activation curve of IK in the hyperpolarizing direction, blocks the open channel, and is trapped by the closure of the activation gate. (Circ Res. 1993; 73:857-868.) KEY WoRDs * delayed K+ current * block * use dependence * cardiac cells * antiarrhythmic drugs * prolongation of action potential * class III activity A ntiarrhythmic drugs play an important role in preventing sudden cardiac death. Drugs that block the Na+ channel act by reducing conduction velocity and increasing the wavelength of the impulse in the reentry pathway. When the excitable gap in the reentry pathway is short, the same result can be obtained by increasing the effective refractory period, a result provided by substances that prolong the action potential duration.1 Prolongation of the action potential can be caused by reducing the rate of inactivation of Na+ or Ca2`current or by blocking outward K' currents and, more specifically, the delayed rectifier K' current (IK). All these mechanisms can be arrhythmogenic. However, the danger of causing Ca2`overload is more pronounced with substances acting on the Na+ and Ca2c urrents. The most promising mechanism thus seems to be a blockade of K' outward movement.
To be effective against tachyarrhythmias, a drug should preferentially block conduction or prolong refractoriness at high rates of stimulation. A minimum requirement to exert a frequency-dependent block is to preferentially block activated and/or inactivated channels, an effect that has been called use dependent because block develops during the use of the channel. 2, 3 To selectively block at high frequencies with no effect at low frequencies, the development of block as well as the recovery from block should occur with the appropriate time constants. In the case of Na+ channel blockers, the slow rate constants for block and recovery explain the less favorable results obtained with so-called class Ic agents.4 Similar restraints with respect to the kinetics of block have to be imposed on drugs acting on the IK channel.5 To prolong the action potential at high frequencies with no effect a low frequencies, the drug should block the open channel with a time constant in the order of seconds and show a recovery at the resting potential with a time constant of =100 milliseconds. In the evaluation of the antiarrhythmic activity of a drug, it is thus necessary to include a study of use-dependence, development of block, and recovery from block. [3-(propylsulfinyl) propyl]amino]-2-hydroxypropoxy]-benzonitrile (almokalant, Fig 1) is a novel antiarrhythmic agent that selectively lengthens the action potential duration and increases refractoriness in dog atria and ventricular muscle,6 in cat papillary muscle,7 and in human ventricular muscle.8 In addition to its electrophysiological effects, the drug has been shown to increase the maximum rate of pressure development in the left ventricle and to increase the peak developed force of contraction in isolated cat and human ventricular muscle. 7, 8 In the present study, a voltage-clamp analysis of the changes in lK by almokalant is presented. Evidence will be given that interaction of almokalant with the channel results in two effects: a change in the activation kinetics of 1K with a shift in the hyperpolarizing direction of activation, and block of the open lK channel in a use-dependent way. The time constant for block development is in the order of 1 second. At hyperpolarized levels, the drug is trapped by the channel, recovery from block is rather slow, and although unblock is also use-dependent, frequencydependent block remains small.
4-[3-[Ethyl

Materials and Methods
Cell Preparation
Single ventricular myocytes of the rabbit were dissociated by enzymatic dispersion, following a procedure described in detail in a previous publication.9 In brief, the heart was quickly removed after decerebration of the animal and was mounted on a Langendorff perfusion system. The aorta was cannulated, and the heart was perfused at 37°C with (1) Ca2'-free standard solution (see "Solutions") for 10 minutes, (2) 
Solutions
The standard external solution contained (mmol/L) NaCI, 137.6; KCl, 5.4; MgCl2, 0.5; CaCI2, 1.8; HEPES, 11.6; and glucose, 5; NaOH was added to pH 7.4. For cell isolation, CaCl2 was omitted. Intracellular solution contained (mmol/L) KCI, 120; MgCl2, 6; CaCl2, 0.154; Na2-ATP, 5; EGTA, 5; and HEPES, 10 with KOH added until pH 7.2.
Drugs
Almokalant was obtained from Astra Hassle, Goteborg, Sweden, as a 10-2 mol/L stock solution; pKa of the drug is 7.8, and the log P (partition coefficient of octanol-water) for the base is 1.2. Nisoldipine (Bayer, Wuppertal, Germany) was used to block the L-type Ca' current in a final concentration of 0.2x 10`6 mol/L prepared from a stock solution of 10-2 mol/L in dimethyl sulfoxide.
Statistics
Results are expressed as mean+SEM.
Results
Almokalant Blocks a Single K' Current
In the experiment illustrated in Fig 2, voltage-clamp steps of variable duration were applied from a holding potential of -50 to -10 mV, under control conditions and in the presence of a very high concentration of almokalant (10`mol/L). During the clamp at -10 mV, the current is inward with respect to the holding current at -50 mV but gradually shifts in the outward direction (Fig 2A) ; in the presence of the drug, current is more inward and is practically stable during the whole clamp of 3.4 seconds (Fig 2B) . The difference current obtained by subtracting the current in Fig 2B from that in Fig 2A is shown in Fig  2C. Tail currents at -50 mV under control conditions gradually increased in amplitude with increasing duration of the clamp. In the presence of 10`mol/L almokalant, they were completely suppressed. A plot of the tail current amplitude is superimposed on the difference tracing. The fact that the time course of the difference current and the evolution of the tail currents are similar indicates that a single current is affected by the drug. The interrupted line in Fig 2C is other types of experiments to be described later (see Fig  7) are consistent with these observations. The main conclusion from these control experiments is that interaction of the drug with the channel results in (1) a hyperpolarizing shift of the activation curve (stimulatory effect) and (2) a block of the conduction pathway (inhibitory effect). The shift can be seen independent of block, especially for short and small depolarizations; block is (Fig 10) will show that the decay rate of tail currents is increased after short pulses (increase of block) and decreased after long pulses (decrease of block). Is the block intrinsically voltage dependent? Although a shift of the activation curve represents a voltage-dependent modulation of IK, the question of whether the block is intrinsically voltage dependent is not answered. To answer this question, clamps were applied to different voltages above the level of maximal activation. An example of such an experiment is given in Fig 5 and shows superimposed recordings of currents during depolarizing clamps to levels between 0 and +60 mV for control conditions (Fig 5A) and in the presence of 3x10`8 mol/L ( Fig 5C) and of 10-5 mol/L (Fig 5B) almokalant. Steady-state current values for the three conditions are illustrated in Fig 5D. It is clear that under control conditions all tail currents for depolarizations positive to 0 mV are identical, demonstrating that activation was maximal; they were absent in 10-5 mol/L almokalant (complete block) and reduced to the same extent in 3 x 10 mol/L almokalant. This latter result ( Fig SC) shows that there is no intrinsic voltage dependence of the block. In other words, access of the charged drug to the blocking site occurs outside the electrical field of the channel, or the channel is blocked by the uncharged form. The experiment further shows that (1) IK is inwardly rectifying: the difference current (control minus current in the presence of 10-5 mol/L of the drug) becomes smaller at more positive potentials (Fig 5D) , and (2) a substantial outward current different from IK iS present at these positive potentials. The nature of this current was not further examined.
Concentration dependence. The blocking effect was dependent on concentration. In six cells, increasing drug concentrations were applied in a cumulative way, each concentration for 10 minutes. Depolarizing pulses were applied from -50 to + 10 mV for 2 seconds every 10 seconds. The decrease in tail current as a function of drug concentration is shown in Fig 6 Use Dependence 
Development of Block
Development of block has been measured in three different types of experiments. In the first type, the change in current during the depolarization was compared in the presence and absence of the drug. In the second type, the change in the amplitude of tail currents after clamps of different duration was measured. In the third type, the change in decay time of tail currents after short depolarizing clamps was recorded.
An example of the first method is given in Fig 8. A depolarizing clamp of 2 seconds is applied from -50 to 0 mV in the absence and in the presence of 6x 10 8 and 10-5 mol/L almokalant. As shown in Fig 2, (Fig 8C) , one then directly obtains an image of the block development in the presence of 6 x 10`8 mol/L almokalant. In this particular experiment, the current decay or block development could be described by an exponential with a time constant of 1.22 seconds. Block did not attain steady state during the 2-second depolarization. The figure further shows that the ratio of tails, and thus block, did not change to any extent during the 2 seconds at -50 mV. Since binding of the drug also results in a voltage shift of the activation, and thus of the kinetics, estimation of the time constant may be in error. The error concerns the initial transient current but not the steady state; at 0 mV, full activation is obtained, and the shift has no effect on the amplitude of the current at this voltage level. These considerations should be taken into account when interpreting the actual time constant. The fact that the ratio of currents can be described by a single exponential suggests, however, that the change in block is the main determinant of the change in current.
In most experiments, block development was measured using the second method of tail currents and their ratios. Examples of such recordings for depolarizing steps to 0 mV are given in Fig 9A. Under control conditions, interruption of the depolarizing pulse at different times yields tail currents of increasing amplitude that reach a plateau after 1.5 second. During the depolarizing pulse, the current first increases in the inward direction, because of the inactivation of the transient outward current, and later slightly increases in the outward direction. In the presence of 5 x 10`8 mol/L almokalant, the current during the pulse shifts in the inward direction (see dotted line); the tails are hardly changed during the first hundred milliseconds but decrease gradually afterwards. In some experiments, the tails at short duration even increased before decreasing. Fig 9B gives a plot of Recovery From Block Recovery from block has been measured by applying a test pulse at variable times following induction of block by a conditioning pulse protocol. The change in tail current of the test pulse compared with the control value is a measure of the recovery process. We used two different conditioning protocols to induce block.
In a first series, induction of steady-state block was made by applying short clamps of 0.2 second to + 10 mV at a frequency of 1 Hz during 1 minute. The potential was then clamped at -50 or -75 mV for a variable period. After this variable period, a test pulse of 0.2-second duration to +10 mV was given, and the tail current at the end of this pulse was measured at -50 mV. These measurements were done in the absence (control) and presence of the drug. The amplitude of the tail current compared with the control or tail current ratio is a measure of the recovery from block occurring at the holding potential. The results were different at -50 and -75 mV (Fig 11) . At -50 mV, the tail current amplitude gradually increased with time, and complete recovery was obtained after 30 to 60 seconds of rest at -50 mV. The time course could be described by an exponential with a time constant of 13.9 seconds (data from three cells). The tail current returned to its initial value, although the drug remained in the bath medium. At -75 mV, recovery only attained 20% even after 30 seconds. In five other experiments, the difference in recovery at -50 and -75 mV has been confirmed by measuring the tail current after 1 minute of rest at the two membrane potentials: at -50 mV, recovery was complete; at -75 mV, recovery was small or absent (see mean values at 60 seconds in Fig 11) .
The presence of recovery at -50 mV was confirmed in a second series of 13 preparations in which block was induced by holding the potential at + 10 V for 30 seconds. The time constant for recovery was 9.10±1.22 seconds. At -75 mV, recovery was practically absent. The finding of complete recovery at -50 mV suggests the absence of block for rested channels. The absence of a substantial recovery at hyperpolarized levels, on the other hand, favors the hypothesis of trapping of the drug. Both observations can be explained by assuming that the drug only blocks open or activated channels and cannot leave the channel when it is closed.
If steady-state block is obtained during a depolarizing pulse and unblocking occurs at -50 mV, tail current at -50 mV in the presence of the drug should be slower than in control conditions. Since the rate of this unblocking reaction is very slow, the expected change is small. An attempt to measure this phenomenon was made in six experiments. In two experiments, a shift in holding current precluded any conclusion. In four experiments, the decline of the tail current in the presence of the drug was slower, and an example is shown in Fig lOB. In this example, it is clear that the two tail currents cross at -2 seconds after the return to -50 mV. Quantification of the process was not made. The description of the tail current requires more than one exponential, and the small currents during the late part of the tail current may be contaminated by other processes than decline of IK, such as the electrogenic Frequency Dependence of Block Any frequency-dependent block of IK in steady state depends on the amount of block developed during the depolarizing pulse and the extent of recovery during the time at the holding potential. The effect of frequency was tested by applying clamp depolarizations of 0.2 second to + 10 mV, with a variable total interval of 0.5, 1, 2, and 5 seconds. Each frequency was applied for 1 minute. The holding potential was -50 mV. The concentration of almokalant was 6 x 108 mol/L.
Since the time constant of recovery is =10 seconds at -50 mV, a substantial block should already be seen at a stimulus interval of 5 seconds, with a limited increase at the higher frequencies. Results for five cells are shown in Fig 12. IK was reduced to 65+5% for the 5-second interval and decreased to 34+4% for the 0.5-second interval. A small frequency-dependent increase in block was thus superimposed on a relatively large tonic block. stimulation. The rationale of the experiments is as follows. If the drug cannot leave the channel when it is closed, washout of the drug from the bathing medium with the channels closed should also have no consequence for the block. In other words, for a closed channel, block should remain at the same level whether the drug is present or not in the extracellular medium. Furthermore, after washout of the drug from the extracellular medium, stimulation should result in a fast recovery from block. Fig 13 first shows the evolution of change in IK during washin and washout of 5 x 10`mol/L almokalant when the cell is repetitively depolarized to +20 mV for 0.2 second at a rate of 1 Hz. A steady-state block was obtained within 2 minutes of superfusion, and the block completely disappeared after 3 minutes of washout. Washout of the drug from the extracellular space and from the membrane or intracellular space is thus possible within 3 minutes. To investigate whether this fast recovery was related to the repetitive stimulation used, the following washout experiments were done. An example is illustrated in Fig 14. The preparation was subjected to successive periods of rest and repetitive voltage clamps in the absence and in the presence of 6x 10`8 mol/L almokalant. Clamps were applied from -50 or -75 mV to +20 mV for 0.2 second in order to measure the tail current. In control conditions, the tail amplitude was 100 pA (horizontal line). The drug was added to the superfusion medium under continuous repetitive depolarizations. Gradually, IK became blocked (not shown), and in steady state, IK was reduced to =50 pA (filled symbols). The preparation was then rested for 1 minute at -50 mV, and IK recovered practically to the control value. The cell was again subjected to a series of depolarizing pulses from -50 mV; block developed again. A second 1-minute rest period now at -75 mV was not accompanied by any recovery in this example. During application of a new series of voltage clamps, no change occurred in the block. At the end, the membrane was clamped at -75 mV, and washout started. Washout was continued for 5 minutes in the absence of stimulation, which is a time more than sufficient to clear the extracellular space from all drug (see Fig 13) . Application of one stimulus revealed the presence of an important block, although the extracellular space did not contain any drug. In four preparations, mean recovery was 17+5.5%. The drug thus seemed to still be present in the channel. Repetitive stimulation now, however, resulted in a fast recovery, and block disappeared completely within 20 to 30 seconds. Similar results were obtained in the three other experiments. These results show that (1) the drug cannot leave the channel in the rested closed state even when the drug is washed out of the medium (the drug is trapped), and (2) activation of the channel allows the drug to exit from the channel (recovery is use dependent). Discussion The present analysis shows that almokalant affects IK and causes two effects: (1) (Fig 14) ; the drug is trapped, and the channel has to be activated again to allow escape of the drug. Our experiments furthermore have shown that the shift can occur without block and should be considered a characteristic of the conductive channel (Fig 4) most reliable results were obtained using pulses of different durations and measuring the amplitude of the tail currents (Fig 9) . Since the stimulatory effect already exists at the beginning of the pulse or develops very quickly, it will not disturb, to any large degree, the estimation of the exponential time course. The time constant for block development estimated in this way was in the order of 1 second for pulses to 0 mV and a drug concentration of 5 x 108 mol/L. This means that block during a single action potential is substantial but far from complete. Estimation of development or decrease of block by measuring the rate of tail decay may be in error. The error is due to the existence of a voltage shift of the activation curve, which on a theoretical basis should also change the kinetics. At -50 mV, however, the rate of deactivation is not very sensitive to a shift in the voltage dependence of the kinetics, because the time constants show near maximal values between -60 and -40 mV (author's unpublished observations). The results in Fig 10, in which an increase as well as a decrease in rate of decay was seen, should be interpreted taking these considerations into account.
The block itself is voltage independent. Since almokalant at pH 7.4 is 72% in the charged form, the voltage independence of the block means that the charged form interacts with the channel outside the electric field (in this case the trapping should be considered to occur outside the pore) or that the uncharged form is responsible for the block.
Open-state block has been described for other substances acting on K' channels. It has been shown, for instance, for internal tetraethylammonium (TEA) block Of IK in the squid axon14 and for the A-type shaker current in Drosophila. 15 (1) In the presence of the drug, recovery at -75 mV was inexistent or very small (Figs 11 and 14) . (2) Even after washout of the drug, recovery of block was nil when the membrane was kept hyperpolarized at -75 mV and no depolarizations were applied (Fig 14) . The drug thus seems to be trapped by the closure of the activation blocked rested state may be possible, but exit from the rested state does not occur. The phenomenon of trapping is not exceptional and has been first described for block of the K' channel in the squid giant axon by quaternary ammonium derivatives14 and later for neuronal and cardiac Na+ channels (see References 21 and 22) .
Trapping of the drug with no intrinsic voltage dependence of the block, however, poses the problem of recovery from block. How is recovery possible when no transition exists between the blocked rested state and the rested state? In the case of block with trapping of intracellularly applied TEA in the squid axon, recovery of the delayed K' channel occurs during deactivation at hyperpolarized levels because block by TEA is intrinsically voltage dependent. Block as well as unblock requires the open-channel state, but entry of the positively charged TEA molecule in the channel is favored by depolarization and exit by hyperpolarization. Furthermore, Armstrong14 showed that the greater influx of potassium ions at hyperpolarized levels was a second factor that favored unblocking.
For almokalant, this explanation cannot be given because there is no intrinsic voltage-dependent block. To explain the voltage dependence of the recovery from block, the shift of the activation curve is of primary importance. The shift in the hyperpolarized direction means that channels to which the drug has been bound will show a higher probability to be activated at a potential level negative to the maximal activation level. At -50 mV, for instance, occasional openings of the blocked rested-state channel will be more frequent than those of the nonbound rested-state channels, and this will allow the drug to escape from the channel. At -75 mV, activation of the blocked channels will be very improbable, and recovery is thus extremely slow.
Although the final equilibrium at -50 mV is disappearance of block, the decay of the tail currents at -50 mV after a short depolarization was faster in the presence of the drug compared with control conditions. This result was considered to be due to an increase in block. The existence at -50 mV of an increase in block during a tail and the complete disappearance of block at rest are not contradictory. After a short depolarization, a large number of channels are activated, but block is still far from equilibrium for open channels, a phenomenon that is voltage independent and occurs with a time constant of 1.0 second. When deactivation has occurred, the effect of the voltage shift becomes important, and the higher probability of the blocked channels to become activated allows the drug to escape. Since openings at -50 mV are rare, the reaction proceeds slowly, with a time constant of :10 seconds.
A drug that blocks IK will prolong the action potential duration. Selective prolongation at high frequencies of stimulation offers the advantage of being efficient against tachyarrhythmias with a minimum risk of prolonging the action potential at low frequencies and provoking "torsade de pointes" arrhythmia.23 Almokalant prolongs the action potential duration, but the effect is not selective at high frequencies; rather, the reverse effect is seen, 6, 8 although, as demonstrated in the present study, almokalant shows that a normal use-dependent increase in block of current and in steady-state block was more pronounced at higher frequencies. To gate. Transition between the blocked open state and the emphasize the difference in effects of the rate on the current on one hand and the action potential duration on the other hand, the latter effect could be called "reverse" rate-dependent lengthening of the action potential, as proposed by Jurkiewicz and Sanguinetti.24 To understand the apparent paradox between effects on current and action potential duration, one should realize that the action potential duration is a complex phenomenon and is the result of the interplay between a number of ionic currents. During the plateau, a fine balance exists between inward (Na', Ca2+, and Na+-Ca'2 exchange) currents and outward (transient outward, delayed K+, Cl , Na+-K+ pump, and eventually the acetylcholine-induced K+) currents. The relative contribution to the plateau of all these currents changes with frequency. As a typical example, we may mention the increase with frequency of the two components of IK in the guinea pig ventricle. Because of the difference in their time constants of activation, the slower component will be more important at high frequencies, whereas the fast component will already saturate at moderate frequencies. Since the faster component is selectively blocked by a number of drugs, eg, dofetilide,"124 the effect of the use-dependent block by this drug will be offset by the summation of the slower component. 24 A direct quantitative translation of a given change in IK into a change of action potential duration is not possible without careful modeling. Two considerations can be made to understand why a drug with a positive use dependence can cause a greater prolongation of the action potential at low frequencies. First, at low frequencies the rate of repolarization during the plateau is slower than at high frequencies, indicating a small net current. Even a minimal change in IK will then be very effective in prolonging the action potential. Second, at low frequencies, not only is the rate of repolarization slower but the total duration of the action potential is longer. Since the drug is an open-channel blocker, the amount of block depends on the duration during which the cell is depolarized, and block during a single action potential can thus be considerable.
In the search of the "ideal" K' channel blocker,5 selection should be based on the combination of slow development during depolarization and fast recovery of block during diastole. At the present time, such a combination is not available in the drugs presently used. Either block development is too fast (eg, quinidine16,19 and probably encainide17) so that block at slow rates is already maximal, or recovery from block is too slow (dofetilide1l and almokalant in the present study) so that most of the block appears as a tonic block. In both cases, frequency-dependent block in the steady state is small or nonexistent.
